We have performed the molecular dynamics (MD) and the fragment molecular orbital (FMO) calculations on the complexes of Burkholderia cepacia lipase (BCL) with alcohol esters toward the prediction of lipase enantioselectivity. The MD computations show that for esters of high enantioselectivity, the difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes is more than 9.0Å, while for esters of low enantioselectivity, the difference is less than 3.0Å. In addition, the FMO computations indicate that for the esters with high enantioselectivity, each fast reacting enantiomer shows strong interactions with some particular amino acids including HIS286 in BCL, whereas for esters with low enantioselectivity, both (R)-and (S)-enantiomers interact with the identical amino acids including HIS286.
Introduction
Over the span of several decades, enzymatic or microbial transformations have been established as a useful means for obtaining enantiomerically pure and biologically important compounds. Lipase enzymes coupled with their ease of use are now widely used as an environmentally friendly and efficient biocatalyst capable of achieving chemo-, regio-, and enan-tioselective reactions under extremely mild conditions [1, 2] .
An empirical rule, which is based only on the presence of steric factors in substrate molecules, was proposed to predict the enantioselectivity toward secondary alcohols and their esters displayed by lipases [3] . The degree of the enantioselectivity, however, has to be elucidated by experimental work. Our interest has been focused on the lipase-catalysed enantioselective and clean synthesis of biologically important chiral compounds and on the control of the stereoselectivity and specificity [4] [5] [6] [7] [8] . As part of our continuous works toward conducting biocatalytic synthetic reactions with lipases, we aimed at understanding the enantioselectivity of enzyme lipases such as Burkholderia cepacia lipase (BCL) and Candida antarctica lipase typeB (CALB) through the combination of experimental chemistry and computational simulation [9] [10] [11] [12] [13] [14] . Although a large amount of experimental data, involving our results, is available for both BCL and CALB lipases, the mechanism of their enantioselectivity is still not completely elucidated.
Recently we have focused our attention on the biomolecular computational simulation of lipase enzyme-ligand complexes to predict the enantioselectivity and reactivity of lipases toward non-natural organic compounds. Many computer simulations have been carried out bearing on the interaction of hydrolytic enzymes including lipases with substrates at the molecular level to understand the mechanism of lipase enantioselectivity [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , but there are a few reports on the prediction of the lipase enantioselectivity [24] [25] [26] [27] . Moreover, to our knowledge, there are no reports on the prediction of the lipase enantioselectivity and the extent of enantioselectivity based on both long-term molecular dynamics (MD) and all-electron quantum chemical calculations. In this paper, we performed the long-term MD and the ab initio fragment molecular orbital (FMO) calculations toward BCL complexes with eight different primary alcohol esters ( Fig. 1 ) and twelve different secondary alcohol esters (Fig. 2) . BCL is made from a single polypeptide chain bearing 320 amino acid residues. The active site amino acid residue of BCL is SER87 and the catalytic triad is composed of SER87, HIS286 and ASP264. Experimentally obtained E values of BCL toward substrate primary and secondary alcohol esters are shown in Figs. 1 and 2 , respectively. It is observed that the fast reacting enantiomer for the primary alcohol esters 1-8 and the secondary alcohol ester 20 is (S)-enantiomer and that for the secondary alcohol esters 9-19 is (R)-enantiomer. As shown in Fig. 2 , BCL shows high enantioselectivity toward aromatic esters 9-14 and alicyclic ester 15, while for aliphatic esters 16-20, BCL gives low enantioselectivity. The purpose of this study is to predict clearly lipase enantioselectivity and the extent of the enantioselectivity on the basis of large-scale biomolecular computations. This work also aims to elucidate the mechanism for enantiomeric recognition of enzyme lipases.
In Section 2, we describe the procedure of the biomolecular chemical computations toward the complexes of BCL and the eight different primary and twelve different secondary alcohol esters are described. In Section3, we discuss the relationship between the computa-tional results and the experimentally obtained E values for each ester.
Computational Methods

Construction of Alcohol Esters
The structures of (R)-and (S)-enantiomers of eight different primary and twelve different secondary alcohol esters were built using GaussView. The energy minimization for the structures of all molecules was carried out with TIP3P model water molecules within 8.0 Å of each molecule using the commercial software package AMBER 9 [29] . Then, the structures of all molecules were optimized by two steps quantum chemical calculations at HF/6-31G* level and at B3LYP/6-31G* level using Gaussian 03 [30] . 
Construction of BCL-Ester Complexes and Energy Minimization
The X-ray crystallographic structure of BCL was obtained from Protein Data Bank (PDB code: 1HQD) [31] . We used AMBER 9 to construct BCL complexes with the optimized primary and secondary alcohol esters and to carry out energy minimizations on the structures of BCL-ester complexes. Each alcohol ester is placed near the active site SER87 of BCL [ Fig.  3(a) ]. The structures of BCL-ester complexes were solvated with TIP3P model water molecules within 8.0Å of respective complexes. Counterions were placed to neutralize the systems. The energy minimizations in the presence of TIP3P water molecules were performed using AMBER 9 on a 64bit Itanium2 system PC Linux Workstation.
Molecular Dynamics Calculations
After energy minimization, BCL-ester complexes with water molecules were subsequently subjected to a MD calculation over a period of 2000 ps at 300 K using AMBER 11 [32] with a GPGPU calculation system which includes NVIDIA GPU acceleration. A periodic boundary condition was applied by controlling the pressure. The temperature was kept constant by using the weak-coupling algorithm [33] with a coupling time of 1.0 ps. Only bond lengths involving hydrogen atoms are constrained by SHAKE method [34] . The non-bonded interactions were calculated by a cutoff method. The distance of the cutoff was 10.0 Å. The time step for the MD calculation was 1 fs. The whole system temperature was gradually increased by heating to 300 K for 50 ps and kept at 300 K for the next 2000 ps. The MD calculations were performed on a Xenon 2.14 GHz PC Linux Workstation with NVIDIA GPU (Tesla C2050) and 96 GB memory. We estimated the C-O interatomic distance between the carbonyl carbon of esters and the oxygen of the active site SER87 side chain OH in each BCL-ester complex [ Fig. 3(b) ] using VMD (Visual Molecular Dynamics) Version 1.8.6 [35] and examined the time dependence of the C-O interatomic distance during the MD trajectory.
Fragment Molecular Orbital Calculations
After MD calculations, surrounding water molecules and counterions were removed and the resulting complexes were subsequently subjected to an all-electron quantum chemical calculation at MP2/6-31G level utilizing the two-body FMO (FMO2) method packaged in ABIN-IT-MP/BioStation program which is developed by Nakano et al. [36] [37] [38] and implemented on supercomputer Kei. ABINIT-MP/BioStation program can be obtained from a Website [39] . Similar ab initio FMO calculations were also made for BCL and esters, respectively. Then, the binding energies ΔE between esters and BCL were estimated. The binding energy ΔE can be obtained by
where E complex , E BCL , and E ester are the total energies of BCL-ester complex, BCL, and ester, respectively. Furthermore, we computed the inter-fragment interaction energy (IFIE) in order to examine the interactions between esters and amino acid residues in BCL, such as hydrogen bonding interactions and CH/π interactions [40, 41] between esters and the selected amino acid residues in BCL. All FMO calculations were carried out on a Core2Duo system PC Linux Cluster. In our FMO calculations, each amino acid residue of BCL was treated as a single fragment. On the other hand, the esters were not divided. The computations were performed under vacuum conditions.
Results and Discussion
Molecular Dynamics Calculations
Figures 4 and 5 show the time dependence of the C-O interatomic distance in the complexes of BCL with (R)-and (S)-enantiomer of primary and secondary alcohol esters, respectively. For the esters with a large E value (E ≥ 69 for primary alcohol esters and E ≥ 270 for secondary alcohol esters), MD calculations show that the C-O interatomic distance for the fast reacting enantiomers such as (S)-enantiomer of primary alcohol esters 1, 2, 4 and 7 and (R)-enantiomer of secondary alcohol esters 9-15 remains roughly unchanged, while the C-O interatomic distance for the slow reacting enantiomers such as (R)-enantiomer of primary alcohol esters 1, 2, 4 and 7 and (S)-enantiomer of secondary alcohol esters 9-15 increases with the elapsed time. This result indicates that the for esters with high enantioselectivity, the fast reacting enantiomer of esters is located near the active site of BCL, whereas the slow reacting enantiomer of esters moves away from the active site of BCL. On the other hand, for the esters with a small E value (E ≤ 33 for primary alcohol esters and E ≤ 18 for secondary alcohol esters) such as primary alcohol ester 3 and 8, and secondary alcohol esters 16-20, we found that both (R)-and (S)-enantiomers of esters remain the active site of BCL. In addition, we estimated the difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes at 2000 ps of the MD trajectory. Figures 6 and 7 show the relationship between the difference in the C-O interatomic distance of (R)-and (S)-enantiomers and experimentally obtained E values for primary and secondary alcohol esters, respectively. As shown in Figs. 6 and 7, for the esters with a large E value, the difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes is more than 9.0 Å, while for the esters with a small E value, the difference is less than 3.0 Å. For the primary alcohol esters 5 and 6 with intermediate E value (E = 41 and 61, respectively), the values of the difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes were 6.7 Å and 8.0 Å, respectively. It is expected that the values of the difference in the C-O interatomic distance for each ester are correlated to E values for the corresponding esters. Tables 1 and 2 list E value, the calculated binding energies between (R)-enantiomer and BCL, ΔE R , and between (S)-enantiomer and BCL, ΔE S , and the absolute value of the difference between ΔE R and ΔE S , for primary and secondary esters, respectively. The calculated binding energy between ester and BCL was negatively larger for the fast reacting enantiomer than for the slow reacting enantiomer. Furthermore, we found that for the esters with a large E value, the absolute value of the difference between ΔE R and ΔE S , |ΔE R -ΔE S |, was more than 9.0 kcal/mol, while for the esters with a small E value, |ΔE R -ΔE S | was less than 5.0 kcal/mol. For the primary alcohol esters 5 and 6 having intermediate E value, |ΔE R -ΔE S | were 6.2 kcal/mol and 8.3 kcal/mol, respectively.
Fragment Molecular Orbital Calculations
For detailed discussion on the interactions between esters and BCL, the IFIE values Figure 7 : Relationship between the difference in the C-O interatomic distance of (R)-and (S)-enantiomer complexes and E values for secondary alcohol esters 9-20. E values ≥ 270 were displayed at the ordinate at E = 170. between esters and the selected amino acid residues in BCL were calculated at FMO2-MP2/6-31G level. As shown in our previous work on the complexes of HIV-1 protease and its inhibitors [42] , the IFIE analysis is a useful method for gaining detailed information on protein-ligand binding. The IFIE values between the primary alcohol esters and the selected amino acid residues in BCL and that between the secondary alcohol esters and the selected amino acid residues in BCL are shown in Figs. 8 and 9 , respectively. For the esters with a large E value, each fast reacting enantiomer showed a strong interaction with HIS286 in BCL. In addition to the interaction with HIS286, it is found that each fast reacting enantiomer interacted with some particular amino acid residues in BCL such as THR18, LEU248, THR251, ASP264 and GLY265 for (S)-1, SER244, ASP264 and GLY265 for (S)-2, LEU17, THR18, ASP264, VAL266, LEU287 and ASP288 for (S)-4, LEU17, THR18, PHE52, SER244 and LEU248 for (S)-7, THR18 and HIS86 for (R)-9, GLY19, TYR29, HIS86, ASP264, ASN285 and LEU287 for (R)-10, THR18, ASP242, SER244 and LEU287 for (R)-11, THR18, GLY19 and TYR29 for (R)-12, LEU17, THR20, HIS86 and LEU287 for (R)-13, LEU17, THR18, PHE52, PHE146 and LEU287 for (R)-14, SER117, ALA120, LEU167, ASP264, VAL266 and LEU287 for (R)-15. In contrast, the interactions of each slow reacting enantiomer with these amino acid residues were very weak. On the other hand, for esters with a small E value, both (R)-and (S)-enantiomers interact with the identical amino acid residues including HIS286, and the interactions of both enantiomers with amino acid residues in BCL were similar to each other in its intensities and patterns. Interestingly, regardless of the extent of enantioselectivity, the interaction between each enantiomer and the active site amino acid residue SER87 was hardly observed. These FMO computational results suggest that the binding energies and IFIEs revealed in the present calculations can also be related to the enantioselectivity of BCL toward primary and secondary alcohol esters observed by synthetic investigations. The hydrogen bonding interactions and the CH/π interactions between the fast reacting enantiomers of esters with a large E value, (S)-1, (R)-9 and (R)-11, and the selected amino acid residues in BCL are illustrated in Figs. 10, 11 and 12, respectively. As shown in Fig. 10 , we observed two hydrogen bonding interactions between (1) the carbonyl oxygen of (S)-1 and the oxygen atom of the side chain hydroxyl group of THR18 in BCL and between (2) the hydrogen atom of benzene ring of (S)-1 and the carbonyl oxygen of ASP264. In addition to two hydrogen bonding interactions, there are two CH/π interactions: the interaction between (1) the benzene ring of (S)-1 and the methyl hydrogen of the side chain iso-butyl group of LEU248 and that between (2) the methyl hydrogen of (S)-1 and the imidazole ring of HIS286. For the complex of BCL and (R)-9, we found a hydrogen bonding interaction and two CH/π interactions between (R)-9 and HIS286. A hydrogen bonding interaction exists between the methyl hydrogen of (R)-9 and the carbonyl oxygen of HIS286. Two CH/π interactions are also found: between (1) the methyl hydrogen of (R)-9 and the imidazole ring of HIS286 and between (2) the benzene ring of (R)-9 and the methylene hydrogen of side chain of HIS286 (Fig. 11) . For the complex of BCL and (R)-11, A hydrogen bonding interaction was observed between the methyl hydrogen of (R)-11 and the carbonyl oxygen of HIS286. Futher, three CH/π interactions exist between (1) the methyl hydrogen of (R)-11 and the imidazole ring of HIS286 and between the phenyl ring of (R)-11 and the hydrogen atoms of the phenyl group of (2) TYR23 and (3) TYR29 (Fig. 12) . These computational results suggest that HIS286 in BCL can be associated with enantiomeric recognition of BCL.
Conclusions
To predict the lipase enantioselectivity and the extent of enantioselectivity toward non-natural organic compounds, for the complexes of BCL and eight different primary and twelve different secondary alcohol esters, we performed the long-term MD calculation over a period of 2000 ps and estimated the C-O interatomic distance between the carbonyl carbon of esters and the oxygen of the active site SER87 side chain OH in each BCL-ester complex. The FMO simulations on the BCL-ester complexes structure obtained by MD calculations were subsequently carried out and the binding energy between esters and BCL and IFIE between esters and each amino acid residues in BCL were calculated. In our MD calculations, we found that the difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes for the esters with high enantioselectivity (large E value) was larger than that for the esters with low enantioselectivity (small E value). The difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes for the esters with high enantioselectivity was more than 9.0Å and that for the esters with low enantioselectivity was less than 3.0Å. Additionally, the binding energy between esters and BCL revealed by the FMO calculations was negatively larger for the fast reacting enantiomer than for the slow reacting enantiomer. The absolute values of the difference of the binding energy between (R)-and (S)-enantiomer complexes for the esters with high enantioselectivity was more than 9.0 kcal/mol. On the other hand, for the esters of low enantioselectivity, that value was less than 5.0 kcal/mol. It is notable that the values of the difference in the C-O interatomic distance between (R)-and (S)-enantiomer complexes and the absolute values of the difference of the binding energy between (R)-and (S)-enantiomer complexes for each ester are associated to E values for the corresponding esters. Based on the relationship between our computational results and experimentally obtained E value, it is certainly able to predict the BCL enantioselectivity and the extent of enantioselectivity. Another aim of our study is to elucidate the mechanism of enantiomeric recognition of enzyme lipases. For the esters showing high enantioselectivity, it is also found that each fast reacting enantiomer strongly interacts with particular amino acid residues including HIS286 in BCL. To the contrary, each slow reacting enantiomer showed very few interactions with these amino acid residues. By contrast, for the esters bearing low enantioselectivity, we observed that both (R)-and (S)-enantiomers interact with same amino acid residues including HIS286. The IFIE for the amino acid residue HIS286 is particularly noteworthy. It is predictable that HIS286 can play an important role in the chiral recognition of enantiomers by BCL. Our large-scale biomolecular simulations including the long-term MD calculation and all-electron quantum chemical calculations may enable us to elucidate the mechanism for enantiomeric recognition of enzyme lipases. Although the reasons that there is few interaction between esters and the active site amino acid residue SER87 in BCL are not clear, the additional four-body corrected FMO (FMO4) calculations with higher accuracy [43] for BCL-ester complexes may give detail information of the interactions between esters and amino acid residues in BCL. In the FMO4 calculations, each amino acid residue of BCL are divided into main and side chain fragments. Moreover, like our previous work of sweet-tasting protein [44] , we are planning to carry out the all-electron quantum chemical calculations based on a density functional method [45] for both BCL and BCL-ester complexes in order to examine the electronic states such as the charge distribution of amino acid residues in BCL and the highest occupied and the lowest unoccupied molecular orbital (HOMO and LUMO) of BCL.
